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ABSTRACT 


The Centaur LOX boost pump was subjected to both the simulated 
Titan Centaur proof flight and confidence demonstration vibration 
test levels. For each test level, both sinusoidal and random 
vibration tests were conducted along each of the three orthogonal 
axes of the pump and turbine assembly. In addition to these 
tests, low frequency longitudinal vibration tests for both levels 
were conducted. All tests were successfully completed without 


damage to the boost pump. 
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Summary 

A series of vibration tests were successfully conducted on a 
Centaur LOX boost pump in a non-operating mode. These tests 
were performed to demonstrate the capability of the pump/tur- 
bine to withstand the boost phase of the Titan Centaur Proof 
Flight (TC-1). The fi rst series of tests were conducted at 
the simulated TC-1 flight vibration levels. The second series 
of tests were conducted at higher levels than the first series 
to demonstrate the existence of a positive structural margin. 

In the third series, the test scope was extended to demonstrate 
that low frequency sinusoidal oscillation along the longitudinal 
axis (POGO) which existed during TC-1 flight could not have 
caused pump/turbine failure. In both the second and third series 
of tests, the sinusoidal vibration level was 1.5 times that for 
the simulated flight level. In the second series, the random 
vibration level was 2.25 times that for the simulated flight level. 
Furthermore, a performance check was conducted at the vendor 
(Sundstrand) test facility before and after each of the simulated 
TC-1 flight vibration and confidence demonstration test levels. 

The results from the performance check showed no degradation. After 
completion of all tests, the boost pump and turbine were disassembled 
and inspected. There was no evidence of damage to any of the pump 
or turbine component parts. 
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Introduction 

The Titan Centaur Proof Flight, TC-1, vehicle was launched on 
February 11, 1974. The mission was not completed because the 
Centaur main engines failed to start due to insufficient LOX flow 
to the engines. This failure was caused by failure of the LOX 
boost pump to provide proper head rise. One possible explanation 
for the failure was that the boost pump vibration environment 
during the TC-1 boost phase flight could have damaged the pump/ 
turbine assembly. 

The primary objective of the tests, summarized in this report, 
was to determine if the vibration experienced in the boost phase 
of TC-1 flight could have caused boost pump failure. These tests 
consisted of a series of vibration tests of the non-operating 
LOX boost pump. The first series of tests were conducted at the 
simulated TC-1 flight vibration levels. The second series of tests 
were conducted at higher levels to demonstrate a positive structural 
margin. These test levels are discussed in detail in the section 
on input vibration test levels. In the third test series, the 
scope was extended to determine if low frequency longitudinal 
oscillations (POGO) , which existed during the boost phase of the 
TC-1 flight, could have caused the failure of the LOX boost pump. 


Test Specimen and Fixtures 


It 


Two sets of specimens were used for this test. The first set 
consisted of a non-functional (obsolete) pump and turbine, S/N 
728/17, and an old LOX tank sump. The second set consisted of 
a functional rebuilt (flight configuration) pump and turbine, 

S/N 2^31/79, and a good LOX tank sump. For each set, the three_ 
units were bolted together and the assembly referred to as the 
sump/pump/turbine assembly. A cover plate was installed on the 
upper flange of the sump with provisions for filling the sump 
with liquid nitrogen and venting the boil-off gas. A photo- 
graph of the complete assembly (in the inverted position) is shown 
in Figure 1. The first set was used for determining the dynamic 
characteristics of the sump/pump/turbine assembly with a sinu- 
soidal vibration input, and to check the control capability of 
the testing equipment during random vibration input tests. The 
results then served as a guide for the later tests. The second 
set was used to demonstrate that the non-operating pump and tur- 
bine assembly could withstand vibration levels equal to, and in 
excess of, the TC-1 flight vibration levels. Use of the non- 
functional assembly for checkout precluded possible damage to 
the functional assembly due to the accumulative effects of fatique 
to the structural parts. 
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Two different test fixtures were used for the test. The cylindrical 
shape fixture, as shown in Figure 2, was used for the longitudinal 
vibration test along the X-axis, while the trapezoidal shape fixture, 
as shown in Figure 3, was used for the transverse vibration test along 
the Y and Z axes. The designation of the coordinate system is iden- 
tical to the D-1T Centaur vehicle coordinate system. 

Test Set Up 

The sump/pump/turbine assembly was bolted through the sump upper 
flange to the top cover plate of either the cylindrical or trapezoidal 
fixtures, as shown in Figures A and 5* for the longitudinal vibra- 
tion test, as shown in Figure 2, the fixture and base plate were mounted 
on top of the C-210 2800-pound shaker with the vibration input applied 
at the bottom of the base plate. For the Y-axis vibration test, as 
shown in Figure 3, the fixture and base plate were mounted on top 
of four "team" bearings and the vibration input was applied at the 
right side of the base plate. For the Z-axis vibration test, in 
order to avoid moving the heavy fixture, the top cover plate together 
with the sump/pump/turbtne assembly was rotated 90° clockwise. 

Instrumentation 

A total of 23 accelerometers were used for the test program. All 
transducers were manufactured by Enderco Company and were capable 
of recording up to 100 g over a frequency range up to 1000 HZ. 
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Seventeen (17) accelerometers were mounted on the test specimen, as 
shown in Figures 6 through 8. Six (6) accelerometers, numbers 1 
through 6, were used to select the control accelerometer for the 
longitudinal (X-axis) and lateral (Y and Z axes) axes tests. 

It should be noted that the rotation of the top cover plate (see 
the previous section) changed the sensitive axis designation for 
accelerometers number 2, 3, 5, and 6 which were mounted on the base 
and top plates of the fixture. The location of these 6 accelero- 
meters is shown in Figures k and 5. The sensitive axis of each of 
the 23 accelerometers is defined in Table 1. There is no change 
of the sensitivities for the accelerometers mounted on the sump/ 
pump/turbine assembly. For the Y-axis test, the accelerometers 
number 2 and 5 are sensitive in the Y-direction, and the accelero- 
meters number 3 and 6 are sensitive in the Z-direction. However, 
for the Z-axis test, accelerometers number 2 and 5 are sensitive in 
the Z-direction, but 3 and 6 are sensitive in the Y-direction. 

For testing along each axis, the control accelerometer is defined 
as the reference accelerometer to which the input vibration was 
adjusted. After the location of the control accelerometer was 
determined, eighteen accelerometers were recorded for each test 
run. These 18 accelerometers consisted of the 17 accelerometers 
mounted on the test specimen and one control accelerometer, since 
the other 5 accelerometers mounted on the top and base plates were 
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used only for selecting the control accelerometer (see the section 
on control accelerometer location tests). 

input Vibration Test Levels 

There were two sets of specimens, non-functional and functional 
sump/pump/turbine assemblies used for the test. Each test specimen 
was subjected to a sinusoidal vibration, and a separate random 
vibration test along three mutually perpendicular axes (X, V, Z) . 
Because of the different test objectives, the input vibration levels 
were not the same for each specimen, 

(A) Non-Functional Sump/Pump/Turbine Assembly 

For each of the three reference axes, the following conditions were 
used for the sinusoidal vibration only tests: 

Frequency Range Ampl i tude Sweep Rate 

8 - 500 HZ 0.7G (0-Peak) 1 minute/octave 

8 - 500 HZ l.^G (0-Peak) 1 minute/octave 

For the random vibration only tests, TC-1 flight level vibration 
envelopes, as shown in Figures 9a and 10a, were selected as the 
input levels for all three axes, with a time duration of three 
minutes. The derivation of these envelopes is discussed in the 
following section for the functional assembly. 

(B) Functional Sump/Pump/Turbine Assembly 

The input vibration test levels for the functional sump/pump/ 
turbine assembly consisted of: (l) TC-1 simulated flight level, 
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(2) confidence demonstration test level, and (3) low frequency 
sinusoidal oscillation test level (POGO) . The derivation of these 
three levels are discussed in the following paragraphs. 

Data from instrumentation located in the Centaur propulsion equip- 
ment region of the TC-1 flight and several Atlas Centaur flights, as 
shown in Figures 9a and 10a, were used to establish vibration levels 
for the random vibration only tests. TC-1 flew with two accelero- 
meters in the Centaur propulsion equipment reqion. Measurement 
CAVJtf was located on the H 2 0 2 bottle support, sensing Y-axis vibra- 
tion. Measurement CA920 was located on the pneumatic panel, sensing 
vibration normal to the aft bulkhead in a direction approximately 
i*5° from vehicle longitudinal axis (X-axis). Flight data from 
measurements made on TC-1 during launch and transonic phases are 
joined by lines on Figures 9a and 10a. Data from the same or similar 
location on previous Atlas Centaur flights were also plotted on these 
figures. To be conservative, the envelopes with constant g 2 /HZ from 
60 HZ to 300 HZ which includes the maxima of both longitudinal and 

lateral vibration data were selected for the test input level. 

» 

The random vibration only confidence demonstration test levels for 
both longitudinal (X-axis) and lateral <Y and Z axes) directions were 
2.25 times TC-1 simulated flight levels, os shown in Figures 9 and 10 
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The duration of any significant vibration intensity on TC-1 was 
about 10 seconds during lift off and 50 seconds during the tran- 
sonic phase of flight. A duration of three minutes along each 
axis for both simulated flight level and confidence demonstration 
tests was therefore conservative. 


The sinusoidal amplitude was chosen to be 1.2 G rms (1.7 G pea k) * which 
envelopes the maximum G rms values as measured on the aft bulkhead 
of TC-1. The flight values (G rmS ) are the magnitudes written in the 
parenthesis of the legend on Figures 9a and 10a. The confidence 
demonstration vibration test levels were chosen to be 1.5 times the 
amplitude of TC-1 flight vibration levels. The conditions for the 
simulated TC-1 flight and confidence demonstration vibration test 
levels are as follows: 

Test Frequency Amplitude Frequency Amplitude Sweep 

Cond i t ions Range (HZ ) in. (Q-Feak ) Range (HZ ) G (0-Peak) Rate., 

minute 
octave 

mi nute 
octave 

Demonstration 

The data from the accelerometer mounted on the Viking Dynamic Simulator 
(VDS) indicated low frequency, high amplitude, longitudinal (X-axis) 
oscillation during TC-1 flight. It started at approximately 180 
seconds after lift-off and continued for approximately 60 seconds. The 
frequency was approximately 12 HZ. The following two X-axis only tests 
were conducted to cover this condition. 


Simulated 5 8 

TC-1 flight 

f 

0.25 

8 - 

500 

1.7 

1 

Confidence 5 " 10 

0.25 

10 - 

500 

2 . 5^ 

1 
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Even though the response levels on the aft bulkhead were approximately 
0.25 Gp e ak* test ' eve ^ s were conservatively set as below: 


Test Conditions 

Frequency Range 
(HZ) 7 

Ampl i tude 
G (0-Peak) 

Sweep Rate 

Simulated TC-1 
Fl i ght 

8 - 16 

1.7 

i minutes 
octave 

Confidence De- 

10 - 16 

2.54 

h minutes 
octave 


monstration 

Control Accelerometer Location Tests 


The objective of these tests was to determine the natural frequency 
of each fixture (without the test specimen) and to select the loca- 
tion of the control accelerometer, i.e., either on the top or the 
bottom flanges of the fixture. The purpose of this investigation 
was to prevent the fixture disturbance from distorting the results 
of a series of sump/pump/turbine assembly vibration tests. The 
control accelerometer is defined as the reference accelerometer to 
which the input level was adjusted. There were six accelerometers, 
three mounted on the top flange and the other three mounted on the 
bottom flange, used for the vibration survey of each fixture, as 
shown in Figures 4 and S- 

(A) Control Accelerometer Location for Longitudi nal Fixture 
For the longitudinal fixture (cylindrical shape) vibration check- 
out tests, six accelerometers were used, as shown in Figure 4. 

Table 1 shows the sensing axis of these transducers. For the first 
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test run, number 1 transducer was used to control the input vibra- 
tion levels, as shown in Figure 11. Figures 12 through 16 are the 
vibration responses obtained from the other 5 accelerometers during 
this run. Figure 1A shows that the natural frequency of the first 
longitudinal mode was at k&Q HZ and the peak response was 25 g. 
Figures 12, 13, 15, and 16 show that the undesirable and rather 
high cross talk responses were in the frequency range 380 to 500 
HZ. Thus, it was concluded that the number 1 accelerometer should 
not be used to control longitudinal i nput' vi brat ion levels. 

For the second test run, number k transducer was used to control 
the input vibration levels, as shown in Figure 20. Figures 17, 18, 
19, 21, and 22 are the vibration responses obtained from the other 
5 accelerometers during this test run. Figure 17 shows that the 
input shaker force decreased as the exciting frequency increased. 

The input shaker force reached a minimum, when the exciting frequency 
coincided with the natural frequency of the first longitudinal mode. 
Figures 1 8 , 19, 21, and 22 show the insignificant cross talk res- 
ponses. Thus, the number k accelerometer was selected to control 
longitudinal input vibration levels. Furthermore, the control 
accelerometer located on the top flange was more consistent with 
the vehicle in flight condition, since the vibration load, during 
flight, is transmitted from the Centaur aft bulkhead through the 
sump to the pump and turbine. 


(B) Control Accelerometer Location for Transverse Fixture 
For the transverse fixture (trapezoidal shape) vibration checkout 
test, six accelerometers were used, as shown iri Figure 5- The 
sensing axis of the accelerometer numbers 1 through 6 were as 
shown in Table 1 . For the third test checkout run, number 2 trans- 
ducer was used to control the input vibration levels, as shown in 
Figure 24 . Figures 23 , 25 , 26 , 27 , and 28 are the vibration res- 
ponses obtained from the other 5 accelerometers during this test 
run. Figure 27 shows that the natural frequency of the first 
lateral mode was at 250 hertz and the peak response was 46 g. 
Figures 23 , 25, 26 , and 28 show that the undesirable and high cross 
talk responses were in the frequency range 220 to 300 hertz. Thus, 
it was concluded that the number 2 accelerometer should not be 
selected to control the transverse input vibration levels. 

For the fourth test run, number 5 transducer was used to control 
the input vibration levels. The input vibration levels for the 
fourth test run were as shown in Figure 33 * Figures 29 , 30 , 31 , 32 , 
and 34 are the vibration responses obtained from the other 5 accele 
meters during the fourth test run. Figure 30 shows that the input 
shaker forces decreased as the exciting frequency increased. The 
input shaker force reached a minimum when the exciting frequency 
coincided with the natural frequency of the first lateral mode. 
Figures 29 , 31 , 32 , and 34 show the insignificant cross talk res- 
ponses. Thus, the number 5 accelerometer was selected to control 
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the transverse input vibration levels. 

Non-Functional Sump/Pump/Turbine Assembly Test Procedure 
The non-functional test specimen was subjected to a sinusoidal 
vibration only test along each of the three orthogonal axes. 

For each axis, two different input vibration levels (0.7G and 
1.AG as previously described) were used for both dry sump and 
sump filled with liquid nitrogen tests. 

There were two random vibration only test runs along the X and Z 
axes for the non-functional sump/pump/turb i ne assembly filled with 
liquid nitrogen. These two random vibration tests were run at 
the simulated flight levels. The specification and actual laboratory 
simulated flight vibration input levels for the random vibration 
only test, in the directions of both X and Z axes, are shown in 
Figures 9a, 9b, 10a, and 10b. The maximum variation of the actual 
test levels (Figures 9b and 10b) were well within the specified 
tolerance limit of ±3 db. Furthermore, for the X-axis test, the 
overall G rms of the actual laboratory test levels was 3.1, which 
was essentially the same as the specification test levels of 3-06 
G rms . For the Z-axis vibration test, the overall G rms for the 
actual laboratory test levels was 1.25 as compared to the specifi- 
cation test level of 1.37* Therefore, the random vibration control 
capability is acceptable. 
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After completion of the vibration tests, the non-functional sump/ 
pump/turbine assembly was visually examined for evidence of damage. 
The decision to continue with the vibration tests on the functional 
assembly test specimen was based on the acceptability of the visual 
examination and evaluation of the non-functional test specimen data. 

Functional Sump/Pump/Turbine Assembly Test Procedure 
The functional sump/pump/turbine assembly was subjected to a series 
of vibration tests under two different sump and turbine temperature 
conditions. The sump was filled with liquid nitrogen for both test 
conditions. For the first series of vibration tests, there was no 
sump insulation and turbine temperature control. However, for the 
second series of vibration tests, the sump was insulated and the 
turbine was heated to better simulate the flight environment. After 
completion of each series of vibration tests, the assembly was 
returned to the vendor (Sundstrand) for a performance check. Com- 
parison of the performance before and after the vibration test showed 
no degradation . 

(A) Functional Assembly Test with No Insulation 
The functional sump/pump/turbine assembly was first tested at the 
simulated TC-1 flight levels with no sump insulation and turbine 
temperature control. For each of the three orthogonal axes, the 
specimen was subjected to both sinusoidal and random vibration 
tests separately. Subsequently, the same assembly was subjected to 
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a low frequency longitudinal (X-axis) sinusoidal only vibration 
test. The latter low frequency "POGO" test was at the simulated 
TC-1 flight level with the test frequency range of 8 to 16 HZ and 
the sweep rate of 4 minutes per octave. 

(B) Functional Assembly Test with Insulation 
The validity of the first flight level vibration test with no 
insulation on the sump was questioned because of very low turbine 
temperature experienced during testing. Turbine temperature during 
TC-1 flight was approximately +60 F (15.6 C) , whereas the turbine 
temperature during the first flight level vibration tests was 
estimated to be below -100°F (-73°C) - Consequently the sump was 
insulated, the turbine was heated, and the flight level vibration 
tests were repeated. Turbine temperature and pump/turbine assembly 
breakaway torques were measured and recorded before and after each 
test run. 

After the completion of the flight level vibration tests, the con- 
fidence demonstration level vibration tests were conducted. The 
confidence tests were a repeat of the TC-1 flight level sinusoidal 
only, random only, and "POGO" tests except the vibration levels 
were increased as previously discussed (see input vibration test 
levels). These tests were conducted using only the functional 
assembly, and with the sump insulated and the turbine heated. Tur- 
bine temperature and pump/turbine assembly breakaway torques were 
measured and recorded before and after each test run. 
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After the completion of the confidence level vibration tests, the 
pump/turbine assembly was returned to the vendor (Sundstrand) for 
a performance check. Abbreviated acceptance tests for the pump/tur- 
bine assembly were repeated at the vendor test facility. After the 
performance check, the pump and turbine were completely disassembled 
and examined for evidence of damage as a result of the vibration 
test . 

Test Results 

A summary of the vibration data is presented in tabular form for all 
sinusoidal vibration tests conducted on both the functional and non- 
functional test specimens. These data are presented in Tables 2 
through 6 for the non-functional test specimen, and in Tables 7 
through 11 for the functional test specimen. 

Accelerometer response versus frequency plots are also presented 
in Figures 35 through 106 for the sinusoidal only confidence de- 
monstration level tests on the functional test specimen. The high 
frequency range (5 to 500 hertz) data are included in Figures 35 
through 88, and the low frequency (10 to 16 hertz) dwell test data 
(POGO) are included in Figures 89 through 106. Due to the volumi- 
nous quantity of data plots obtained from the entire test program, 
no other data plots are included in this report in the interest of 
brevity. The data plots presented are considered representative of 
the dynamic characteristics of the pump/turbine assembly, and can 
be used for future evaluation of flight data and design. 
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The turbine temperatures and the breakaway torques recorded before 
and after each of the vibration test runs on the functional test 
assembly after insulation of the sump and heating the turbine are 
presented in Table 12. 

In summary, all tests were completed satisfactorily. Evaluation of 
the data from the sinusoidal and random vibrations tests on the non- 
functional test specimen, and the subsequent inspection, revealed 
no abnormalities and demonstrated that the control capability of the 
test equipment was acceptable. The functional test specimen was 
installed and TC-1 flight level sinusoidal only, random only, and 
"POGO" vibration tests (without insulation on the sump and without 
turbine temperature control) were successfully completed. 

After insulation of the sump and providing temperature control for 
the turbine, the TC-1 flight level tests were successfully repeated. 
Subsequently, confidence demonstration level vibration tests (vibra- 
tion levels in excess of the TC-1 flight vibration levels) were suc- 
cessfully conducted. The abbreviated acceptance tests conducted on 
the functional pump/turbine assembly by the vendor (Sundstrand) after 
the first TC-1 flight level vibration test (without insulation and 
temperature control), and again after the completion of all vibra- 
tion tests, showed no degradation in performance from the original 
acceptance test prior to any vibration. The final disassembly and 
inspection of the functional pump/turbine revealed no evidence of 
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damage. The detailed results of the vendor tests, disassembly, and 
inspection are included in reference 1. 

A detailed discussion of the vibration test data and results pre - 
sented in the tables and figures follows: 

(A) Responses at Fundamental Natural Frequency 
The fundamental natural frequency of the functional sump/pump/turbine 
assembly obtained from lateral (both V and Z axes) vibration tests 
was in the range of 60 to 68 hertz, as shown in Tables 7 and 9- 

The fundamental natural frequency of the non-functional sump/pump/ 
turbine assembly obtained from lateral vibration tests (both Y and 
Z axes) was in the range of 60 to 70 hertz, as shown in Tables 2 
and A. Thus, the variation in the fundamental natural frequency 
range was insignificant regardless of the following conditions: 

a. dry sump 

b. sump filled with liquid nitrogen, no sump insulation, 
and cold turbine 

c. insulated sump filled with liquid nitrogen and heated 
turbine. 

Tables 2, A, 7, and 9 show that high responses at the fundamental 
natural frequency of both assemblies occurred at the turbine flange 
and turbine wheel in the direction of input excitation. Table 2 
shows the sinusoidal vibration test results along the Z-axis of the 
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non- functional sump/pump/turbine assembly for both dry sump and 
sump filled with liquid nitrogen conditions. This table shows 
that high responses occurred at the turbine flange and turbine 
wheel along the Z-axis regardless of the various sump conditions 
and input vibration levels. At the input vibration level of 1.7 g 
peak, the responses at the turbine flange and turbine wheel were 
37 g peak and 36 g peak, respectively. 

Table 9 shows the sinusoidal vibration test results along the 
Z-axis of the functional sump/pump/turbine assembly for two dif- 
ferent sump and turbine conditions. For the first condition, the 
sump was not insulated and turbine was cold, -100°F {“73° c ) • 

For the second condition, the sump was insulated with 1.5 Inches 
thick foam and the turbine was heated. The temperatures of the 
turbine are shown in Table 12. Jable 9 shows that high responses 
also existed at the turbine flange and turbine wheel in the direc- 
tion of the input excitation regardless of the different input 
vibration levels and various conditions of sump and turbine, At 
the input vibration level of 1.7 9 peak and the first condition 
of sump and turbine, the responses at the turbine flange and tur- 
bine wheel were 27 g peak and 31 9 peak, respectively. At the 
input vibration level of 1.7 g peak and the second condition of the 
sump and turbine, the responses at the turbine flange and turbine 
wheel were 28 g peak and 31 9 peak, respectively. 
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Table 4 shows the sinusoidal vibration test results along the Y-axis 
of the non-functional sump/pump/turbine assembly for both dry sump 
and sump filled with liquid nitrogen conditions. This table shows 
that high responses occurred at the turbine flange and turbine wheel 
along the Y-axis regardless of the different sump conditions and 
input vibration levels. At the input vibration level of 1.7 9 peak, 
the responses at the turbine flange and turbine wheel were 42 g peak 
and 40 g peak, respectively. 

Tabic 7 shows the sinusoidal vibration test results along the Y-axis 
of the functional sump/pump/turbine assembly for the two different 
sump and turbine conditions. 

Table 7 shows that high responses also existed at the turbine flange 
and turbine wheel in the direction of the input excitation regard- 
less of the different input vibration levels and various conditions 
of sump and turbine. At the input vibration level of 1.7 9 peak and 
the first condition of sump and turbine, the responses at the tur- 
bine flange and turbine wheel were 38 g peak and 44 g peak, res- 
pectively. At the input vibration level of 1.7 9 peak and the second 
condition of the sump and turbine, the responses at the turbine flange 
and turbine wheel were 34 g peak and 42 g peak, respectively. 

The longitudinal (X-axis) fundamental natural frequency of both 
functional and non- functional sump/pump/turbine assemblies is not 
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well defined, since several modes were closely coupled. The peak 
responses and corresponding frequencies are presented in Tables 6 
and 1 1 . 

Table 6 shows the sinusoidal vibration test results along the X-axis 
of the non -functional sump/pump/turbine assembly for both dry sump 
and sump filled with liquid nitrogen conditions. For the dry sump 
condition, high responses existed at the turbine flange along the 
direction of input excitation and at the pump shaft along the Z-axis. 
At the input vibration level of 1.4 g peak, the response at the tur- 
bine flange was 12 g peak along the X-axis, while the responses at 
the pump shaft was 12.5 9 peak along the Z-axis. For the sump filled 
with liquid nitrogen, high responses existed at the turbine flange 
and pump shaft along the direction of input excitation. At the 
input vibration level of 1.4 g peak, the responses at the turbine 
flange and pump shaft were 20 g peak and 10 g peak, respectively. 
Similarly, for an input of 1.7 g peak, the responses were 16 g peak 
and 18 g peak, respectively. 

Table II shows the sinusoidal vibration test results along the X-axis 
of the functional sump/pump/turb i ne assembly for two different sump 
and turbine conditions. For the first condition, the sump was not 
insulated and turbine was cold, -100°F (-73 c C) . Secondly, the sump 
was insulated with 1,5 inches thick foam and the turbine was heated. 


The temperatures of the turbine are shown in Table 12. For the first 
condition, high responses exist at the turbine flange and the quill 
shaft along the X-axis, and at the turbine wheel along the Y-axis. 

At the input vibration level of 1.7 9 peak, responses at the turbine 
flange and quill shaft were 6 g peak and 6.2 g peak, respectively, 
and response at the turbine wheel was 6 g peak. For the second con- 
dition, high responses exist at the turbine flange along the X-axis, 
and at the turbine wheel along the Y-axis. At the input vibration 
level of 1.7 g peak, the responses at the turbine flange and turbine 
wheel were 16 g peak and 35 g peak, respectively, 

(B) Responses at Second Natural Frequency 
The range of the second natural frequency of the non-functional sump/ 
pump/turbine assembly obtained from lateral (both Y and Z axes) vibra- 
tion tests varied according to the following two sump conditions and 
is shown in Tables 3 and 5- For the dry sump, the second natural 
frequency was in the range of 180 to 190 HZ. For the sump filled 
with liquid nitrogen, the second natural frequency was in the range 
of 130 to 150 HZ. 

The second natural frequency of the functional sump/pump/turbine 
assembly (with and without insulation) as obtained from the lateral 
vibration tests (both Y and Z axes) was in the range of 130 to 150 HZ 
and is shown in Tables 8 and 10. Thus, the range of the second 
natural frequency of both assemblies, for both Y and Z axes, is dependent 
on whether the sump is full or empty. 


23 


Tables 3, 5, 8, and 10 show that the high response at the second 
natural frequency of both assemblies occurred at the pump shaft 
in the direction of input excitation. Table 3 shows results of 
the sinusoidal vibration test along the Z-axis for the non- functional 
sump/pump/turbine assembly with two various sump conditions. For 
the dry sump, it could not be definitely determined that the high 
response was at the pump shaft along the Z-axis because of bad data. 
However, for the sump filled with liquid nitrogen, the test data 
shows that the high response was at the pump shaft along the Z-axis. 
At the input vibration level of 1.7 g peak, the response at the 
pump shaft was 19 g peak. 

Table 5 shows the sinusoidal vibration test results along the Y-axis 
of the non-functional sump/pump/turbine assembly with two various 
sump conditions. For the dry sump, the high response was at the 
pump shaft along the Y-axis. At the input vibration level of 1.4 g 
peak, the high response at the pump shaft was 68 g peak. For the 
sump filled with liquid nitrogen, the high response was at the pump 
shaft along the Y-axis. At the input vibration level of 1.4 g peak 
(1.7 g peak), the response at the pump shaft was 31 9 peak (32 g 
peak) . 

Table 8 shows the sinusoidal vibration test results along the Y-axis 
of the functional sump/pump/turb ine assembly under two different 
conditions. For the first condition, the sump was not insulated and 
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the turbine was cold, -100°F (-73°C) . Secondly, the sump was 
insulated with 1.5 inches thick foam and the turbine was heated. 
Turbine temperatures are shown ?n Table 12. Table 8 shows that 
the high response was at the pump shaft in the direction of the 
input excitation regardless of the different input vibration levels 
and conditions of the sump and turbine. At the input vibration 
level of 1.7 g peak and the first condition of the sump and tur- 
bine, the response at the pump shaft along the Y-axis was 12.5 g peak. 
At the input vibration level of 1.7 g peak and the second condition 
of the sump and turbine, the response at the pump shaft along the 
Y-axis was 14 g peak. 

Table 10 shows the sinusoidal vibration test results along the 
Z-axis of the functional sump/pump/turbine assembly with two 
different sump and turbine conditions. For the first condition, 
the sump was not insulated and the turbine was cold, -100°F 
(■’73°C). Secondly, the sump was insulated with 1.5 inches thick 
foam and the turbine was heated. Turbine temperatures are shown 
in Table 12. Table 10 shows that the high response was at the 
pump shaft in the direction of input excitation regardless of the 
different input vibration levels and conditions of the sump and 
turbine. At the input vibration of 1.7 g peak and the first con- 
dition of the sump and turbine, the response at the pump shaft 
along the Z-axis was 19 g peak. At the input vibration level of 
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1.7 g peak and the second condition of the sump and turbine, the 
response at the pump shaft along the Z-axis was Zb g peak. 

(C) Magnification Factor (Q) and Damping Coef ficient 

Two important dynamic characteristics, magnification factor (Q) 
and damping coefficient (.?), are included in Tables 7 through 10. 
When a structure is subjected to a forced vibration, Q. is defined 
as the response at a specific location divided by the input. At 
resonance, the damping coefficient can be obtained from the formula, 
q = i/2 y . Tables 7 through 10 show the sinusoidal vibration test 
results along three orthogonal axes of the functional sump/pump/ 
turbine assembly. Tables 7 end 9 show the test results at the 
fundamental mode along Y and Z axes, respectively. The data pre- 
sented in these tables show that the high responses were at the 
turbine flange and turbine wheel in the direction of input excita- 
tion. The damping coefficient at these two locations was in the 
range of 2 to 3 percent. Tables 8 and 10 show the test results 
at the second mode along Y and Z axes,, respectively. The data 
presented in these two tables show that the high response was at 
the pump shaft in the direction of input excitation. The damping 
coefficient at this location was in the range of A to 7 percent. 

Conclusion 

The Centaur LOX boost pump and turbine assembly successfully passed 
both the simulated TC-1 (Titan Centaur proof flight) flight and the 
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confidence demonstration (in non-operating mode) vibration test 
levels. Each of the test levels consisted of both random and 
sinusoidal vibration along each of the three orthogonal axes of 
the assembly. A functional performance check of the assembly 
was conducted at the vendor (Sundstrand) test facility before 
and after each vibration test level. Comparison of the performance 
before and after each vibration test level showed no degradation. 

After completion of all tests the pump and turbine were completely 
disassembled and all parts were inspected. No evidence of damage 
was found in any of the component parts. Thus, these tests de- 
monstrated that the assembly could sustain the vibration experience 5 

in the boost phase of both the TC-1 flight and future Atlas/Centaur 
and Titan/Centaur flights. Furthermore, the test results demonstrated | 

i 

that low frequency longitudinal oscillations (POGO) could not damage j 

y 

the turbopump assembly. I 


1 

s 
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FIGURE 8 - GENERAL VIEW SHOWING LOCATION OF THE PUMP FLANGE AND TURBINE WHEEL 
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FIGURE 9b - ACTUAL TEST LEVELS FOR SIMULATED TC-1 FLIGHT LEVELS 
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